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Nanoporous media exhibit structures significantly smaller than the wavelengths of visible light
and can thus act as photonic metamaterials. Their optical functionality is not determined by the
properties of the base materials, but rather by tailored, multiscale structures, in terms of precise
pore shape, geometry, and orientation. Embedding liquid crystals in pore space provides additional
opportunities to control light-matter interactions at the single-pore, meta-atomic scale. Here, we
present temperature-dependent 3D reciprocal space mapping using synchrotron-based X-ray diffrac-
tion in combination with high-resolution birefringence experiments on disk-like mesogens (HAT6)
imbibed in self-ordered arrays of parallel cylindrical pores 17 to 160 nm across in monolithic an-
odic aluminium oxide (AAO). In agreement with Monte Carlo computer simulations we observe a
remarkably rich self-assembly behaviour, unknown from the bulk state. It encompasses transitions
between the isotropic liquid state and discotic stacking in linear columns as well as circular concen-
tric ring formation perpendicular and parallel to the pore axis. These textural transitions underpin
an optical birefringence functionality, tuneable in magnitude and in sign from positive to nega-
tive via pore size, pore surface-grafting and temperature. Our study demonstrates that the advent
of large-scale, self-organised nanoporosity in monolithic solids along with confinement-controllable
phase behaviour of liquid-crystalline matter at the single-pore scale provides a reliable and acces-
sible tool to design materials with adjustable optical anisotropy, and thus offers versatile pathways
to fine-tune polarisation-dependent light propagation speeds in materials. Such a tailorability is at
the core of the emerging field of transformative optics, allowing, e.g., adjustable light absorbers and
extremely thin metalenses.
I. INTRODUCTION
When electromagnetic waves traverse a birefringent
material their propagation speeds depend sensitively on
their polarisation and propagation direction with respect
to characteristic directions of the optical anisotropic
medium. Birefringence and thus direction-dependent re-
fractive indices are often associated with liquid crystals
or anisotropic solid crystal materials. Amorphous ma-
terials are usually optically isotropic. However, if struc-
tural elements of nanoscale size, such as rods or pores
with anisotropic shapes having uniform refractive index,
are suspended in an optically isotropic material they are
characterised by a so-called “geometrical” (or “form”)
birefringence. When the lattice spacing of these “meta-
atoms” is much smaller than the wavelength of visible
∗ patrick.huber@tuhh.de
light the whole structure is described as a metamate-
rial [1–3]. A monolithic membrane traversed by a par-
allel array of cylindrical nanochannels represents such a
metamaterial, see illustration in Fig. 1. The advent of
tailorable porosity at the nanoscale and thus of an ad-
justable “meta-atomic” structure offers new opportuni-
ties to tailor the optical anisotropy of such metamaterials.
Effective optical properties, not achievable by base ma-
terials, are possible [2–8], specifically adjustable birefrin-
gence. This is of particular relevance for important po-
larisation management components, such as waveplates
and compensators, that play an essential part in modern
optical communication systems [9].
A versatile route to fine-tune optics of porous materials
is filling the pore space with a liquid crystal (LC) [10, 11].
In the bulk case LCs play a dominant role for the ma-
nipulation of optical anisotropy [12]. By embedding LCs
in nanoporous media the self-assembly and self-healing
mechanisms can be used to design a new soft-hard meta-
material. The LC adds optical functionality, whereas the
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2FIG. 1. Optical birefringence of a nanoporous mem-
brane. (Top) A monolithic membrane traversed by an array
of cylindrical nanopores in a linearly polarised laser beam.
(Bottom) The incident electromagnetic wave is split up into
two waves, i.e. the extraordinary (red) and ordinary wave
(blue). These are polarised perpendicularly to each other.
Because of the optical anisotropy, as indicated by the ellipsoid
of refractive indices (indicatrix), they have different propaga-
tion speeds and thus encounter distinct refractive indices, the
ordinary and extraordinary refractive index, ne and no, re-
spectively. Here the extraordinary beam is slower than the
ordinary beam resulting in a positive phase retardation R of
the electromagnetic waves after passing the pore array. This
corresponds to a prolate indicatrix and a ”positive” optical
birefringence, i.e. ∆n = ne − no > 0. Note that for clar-
ity only the electrical fields of the electromagnetic waves are
shown.
solid nanoporous material can guide the self-assembly
and provides a mechanical stable, monolithic 3D scaffold
structure [13]. However, because of spatial and topologi-
cal constraints, the phase and self-assembly behaviour of
confined soft matter and in particular confined LCs may
substantially deviate from the bulk state [14–30].
Here, we employ archetypical disk-like mesogens
(HAT6) with aromatic cores and aliphatic side chains as
functional fillings of nanoporous anodic aluminium oxide
(AAO) membranes, see Fig. 2. The disk-like mesogens
stack up in potentially ”infinitely long” columns with
short-range positional order, which arrange in a long-
range two-dimensional lattice leading to discotic colum-
nar liquid crystals (DLCs). Because of overlapping pi-
electrons of the aromatic cores DLCs exhibit a high one-
dimensional charge carrier mobility along the columnar
axes [31–38]. Therefore, they are of high interest as 1-
D semiconductors with possible applications in sensing,
light harvesting or emission, and for molecular electronic
components [37]. Depending on their collective orien-
tational and translational order they should also signifi-
cantly alter the effective optical properties of nanoporous
media.
Previous experimental studies of DLCs confined in
cylindrical nanopores have revealed a remarkably com-
plex, sometimes very surprising self-assembly behaviour
[24, 26, 38–43]. Experimental studies on HAT6 in AAO
indicate that for planar anchoring, i.e., the molecules lie
flat on the hydrophilic pore walls, no long-range inter-
columnar hexagonal order is detectable for pore diam-
eters d below 20 nm [44]. The columns stack in radial
direction, see Fig. 3(a) for the illustration of such a con-
figuration found in Monte Carlo (MC) simulations [45].
Additionally, Zhang et al. have found that the columns
adopt a “logpile” configuration with parallel columns
crossing the pores perpendicular to their axis for larger
pores, see Fig. 3(b). Despite expectations, an axial ar-
rangement of columns for edge-on anchoring was not
found for neat HAT6 even in the smallest pore diameter
of 20 nm studied so far [43, 46]. The columns form rather
circular concentric (CC) bent arrangements as depicted
in the MC simulation snapshot, see Fig. 3(c) [45–48]. An
axial arrangement, see Fig. 3(d), which is of interest with
respect to electronic applications, could only be achieved
in DLCs with increased core-rigidity compared to HAT6
[49] or by non-circular channel cross-sections [30].
In the following, temperature-dependent 2D X-ray
diffraction and optical polarimetry reveal the evolution of
collective orientational and translational order of HAT6
in self-organised hexagonally arranged cylindrical hy-
drophilic and hydrophobic AAO pores, see Fig.2. More-
over, the resulting effective optical anisotropy, i.e. bire-
fringence, and thus the effective optics of the liquid-
crystal-infused array of cylindrical nanochannels is anal-
ysed and related to the complex liquid-crystalline texture
formation within the pores.
II. EXPERIMENTAL
A. Sample Preparation
HAT6, see chemical structure in Fig. 2, is filled into
AAO membranes via spontaneous imbibition [50]. The
AAO membranes were purchased from Smart Membranes
GmbH (SM), InRedox LLC (IR) as well as provided by
the research group of M. Steinhart at University of Os-
nabru¨ck (OS). The porosities P and pore diameters d
are checked by N2-sorption isotherms at T = 77 K and
vary from P = 7.6 % to P = 36.5 % and d = 17.1 nm
to d = 161 nm, see Supplementary Tab. 1. Naturally
3the AAO surface enforces face-on anchoring of DLCs.
Chemically modification with octadecylphosphonic acid
(ODPA) as described in Ref. [51] renders the surface hy-
drophobic and thus enforces edge-on anchoring [52]. The
length of the ODPA molecule is ≈ 2.2 nm and can thus
result in a corresponding pore radius reduction. How-
ever, the grafting-layer density is not known in AAO and
the filling with the liquid-crystalline melt could push the
ODPA chains to the pore wall. Therefore, we state also
for the surface-grafted AAO membranes the pore size and
porosity as determined for the native membranes. Af-
ter outgassing at 200◦C the membranes are filled with
HAT6 by spontaneous imbibition for 48 h at a tempera-
ture slightly above the bulk isotropic-nematic transition
temperature T cibulk = 371 K inside a glove box. After-
wards the left over material on top of the membrane is
carefully removed with a razor blade. Prior and after fill-
ing the membranes were weighted to determine the mass
of the confined HAT6.
200 nm
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FIG. 2. Structure of discotic liquid crystal and
nanoporous solids. (a) Chemical structure of discotic liquid
crystal 2,3,6,7,10,11-hexakis(hexyloxy)triphenylene (HAT6)
and phase transition temperatures in the bulk state. (b-d)
Top and (e) side view electron micrographs of porous anodised
aluminium oxide membranes with varying pore size.
B. Optical polarimetry
The temperature dependent (0.15 K/min) optical re-
tardation R(T ) between perpendicularly polarised or-
dinary and extraordinary beams can be measured us-
ing a high-resolution optical polarimetry technique, see
Ref. [53, 54] and the Electronic Supporting Information
(ESI) for experimental details [55]. This technique yields
direct information about the thermotropic orientational
order of DLCs in nanopores. Specifically, a positive R in-
dicates an alignment of the disk-like molecules with their
faces in radial direction, and a negative one an orienta-
tion of the disk faces parallel to the pore axis [53, 54, 56].
C. X-ray diffraction experiments
In Fig. 4(a) the scattering experiment on the liquid-
crystal filled nanoporous membranes is schematically de-
picted, specifically the orientation of the sample rotation
axis ωˆ with regard to the AAO membrane and the de-
tector orientation. To introduce the reader to the 3D
reciprocal space mapping and to the expected evolution
of the diffraction patterns for the distinct textures upon
sample rotation, we show in Fig. 4(b) the scattering ge-
ometry in analogy to X-ray diffraction texture analysis of
fibres [57]. As an example texture the CC state of HAT6
is shown in direct space for a sample rotation ω = 90◦.
The cylindrical pore axis pˆ (gray rod) agrees with the
AAO membrane’s surface normal direction and it is per-
pendicular to the incident beam direction (red arrow)
and thus to the incident wavevector ~ki (blue arrow). In
the detector plane the wavevector-transfer directions qx
and qz, the azimuth angle χ and the orientation of pˆ and
ωˆ are indicated. Also the plane in direct space encom-
passing pˆ and ωˆ is marked by a transparent blue plane.
It is parallel to the detector plane and represents the
plane in which translational order is probed in our scat-
tering geometry, i.e. in the qx − qz plane with qy=0.
The distinct texture discussed here, called (100)‖ in the
following, has one of the {100} plane sets parallel to pˆ.
Thus, the main structural motive in the pˆ-ωˆ plane in di-
rect space is a hexagonal arrangement of the columns.
In reciprocal space this means the occurrence of Bragg
intensities at the vertices of the magenta hexagon with a
wave vector transfer q(100) =(0.344 ± 0.005) A˚−1 typical
of the intercolumnar hexagonal order of HAT6. Because
of the concentric circular columnar order about pˆ in di-
rect space, the overall Bragg intensity in reciprocal space
can be derived from a rotation of the magenta hexagon
about the pˆ direction which agrees with the direction of
~qx, resulting in three yellow Bragg rings centred about
the qx axis. Additional details of the X-ray diffraction
analysis can be found in the ESI.
The Bragg condition is fulfilled in those 6 directions
(magenta lines), in which in reciprocal space the 3 Bragg
intensity rings cut into the Ewald sphere with radius
ki = 2pi/λ, , where λ is the X-ray wavelength. This
4FIG. 3. Monte Carlo simulation top- and side-view snapshots of columnar discotic order in cylindrical nanopores.
In panel (a), (b) textures typical of face-on and in (c), (d) characteristic of edge-on molecular anchoring at the pore wall are
depicted, respectively [45, 48].
results in a six-fold diffraction pattern on the 2D X-ray
detector with Bragg peaks at χ‖=30, 90, 150, 210, 270
and 330◦, respectively. The changes in direct and recip-
rocal space upon sample rotation about ωˆ along with the
expected evolution of the detector intensities for the CC
(100)‖ domain upon sample rotation is illustrated in the
movie M1 of the ESI [58]. Moreover, in the movie M2
of the ESI an illustration of the scattering kinematics is
shown for the case that an additional CC domain with
one set of (100) planes perpendicular to pˆ, i.e. a (100)⊥
domain is present in direct space. Such a domain is rep-
resented by a hexagon rotated by 30◦ with respect to
the magenta hexagon in Fig. 4 about ~ki. Again the cir-
cular concentric columns mean a rotation of this hexagon
about pˆ in reciprocal space. This results in addition to 2
intensity rings and 2 Bragg peaks in the pˆ direction and
thus to a six-fold diffraction pattern with Bragg peaks at
χ⊥=0, 60, 120, 180, 240 and 300◦ for ωˆ=90◦, see the
cyan intensities in reciprocal space in the movie M2 of
the ESI.
So far, we discussed solely CC structures with regard
to their fingerprints in direct and in reciprocal space. In-
terestingly also for the logpile and radial configuration
the main structural motive in direct space is the hexago-
nal arrangement of the columns [42, 43], see Fig. 3(a,b).
Moreover, the rotational symmetry about pˆ results for
logpile domains with (100) plane sets parallel or per-
pendicular to pˆ to qualitatively identical Bragg intensity
rings in reciprocal space as inferred above for the corre-
sponding CC domains. This is illustrated in the movie
M2 of the ESI. Thus, distinguishing between those differ-
ent domains is only possible by a consideration of addi-
tional information beyond the bare Bragg peak patterns,
like surface anchoring and domain sizes in different di-
rections, as will be discussed in the Results section.
D. Monte Carlo simulations
Details on the Monte Carlo simulations can be found
in the ESI [48, 59–65]. The main results of these simula-
tions, in particular with regard to the circular concentric
columnar state in cylindrical confinement have already
been reported in Ref. [48]. Here, they were employed to
achieve proper, physics-based visualisations of the dis-
tinct confined textures.
III. RESULTS AND DISCUSSION
A. Self-assembly in hydrophilic nanopores with
face-on discotic wall anchoring
1. X-ray diffraction and translational order
In Fig. 5 we present X-ray diffraction measurements
for native, hydrophilic pore walls and selected pore di-
ameters. The 2D diffraction patterns were recorded after
cooling from the isotropic phase (T > Tbulk = 371.1 K)
down to the liquid crystalline phase (see minimal temper-
atures depending on pore diameter in the figure caption)
with a cooling rate of 1 K/min at ω = 85◦.
We start discussing the diffraction experiments per-
formed on the largest pore diameter, d = 161 nm. We ob-
5FIG. 4. (a) Schematics of the synchrotron-based X-ray scattering experiment and definition of azimuth angle χ and sample
rotation angle ω for a configuration with incident X-ray beam parallel or perpendicular to the long cylindrical pore axis
direction pˆ, respectively.(b) 3D X-ray scattering geometry in direct and reciprocal space. Exemplary shown are a discotic
columnar liquid crystal with circular concentric ring formation upon confinement in a cylindrical pore in direct space along
with the corresponding reciprocal space pattern and the resulting six-fold Bragg diffraction pattern on the detector for a sample
rotation ω = 90◦. The sample rotation axis ωˆ (black rod) and the plane encompassing the long pore axis pˆ (grey rod) and ωˆ
are indicated in direct space (transparent blue plane). It is parallel to the detector plane. The incident wave vector ~ki (blue
arrow), the wavevector-transfer directions ~qx and ~qz, the azimuth angle χ and the orientation of the direct x-ray beam (red
arrow) are also displayed. A detailed discussion of the scattering geometry can be found in the Experimental section 2.3
serve a six-fold Bragg reflection pattern at q(100) =(0.344
± 0.005) A˚−1 typical of the intercolumnar hexagonal or-
der of HAT6, see Fig. 5a(ii). The pattern is aligned with
one of the 100 Bragg peaks ‖ pˆ, i.e. the {100} plane
set ⊥ pˆ. This corresponds to the (100)⊥ domain, see
Fig. 5a(i) and b(i). Upon ω sample rotation, i.e. a rota-
tion from a configuration with ~ki ‖ pˆ to ~ki ⊥ pˆ the Ewald
sphere cuts under an increasing angle into this recipro-
cal space pattern. This is in excellent agreement with
the intensity contour plots of the ω-scans, see Fig. 5a(iv).
Initially one observes six Bragg peaks in azimuthal direc-
tion. Upon ω rotation the Bragg condition of the (100)⊥
planes is not fulfilled anymore. They vanish, whereas
the χ position of the other plane sets starts to move to-
wards the polar and equatorial directions, respectively,
in perfect agreement with a rotation of the ring struc-
tures depicted in Fig. 5a(ii). See also the evolution of the
cyan diffraction intensities representing the (100)⊥ do-
main upon sample rotation in the movie M2 in the ESI.
As discussed in the Experimental section 2.3 radial and
logpile structures have indistinguishable footprints in re-
ciprocal space. However, in case of the logpile structure
the domain size should be perpendicular to the long pore
axis on the order of the pore diameter [43]. Whereas
in the case of radial columns this perpendicular coher-
ence length, ξ⊥ is expected to be much smaller. Here
we determined a value of ξ⊥=153 nm. This value is only
slightly smaller than the nominal pore diameter and thus
indicating a logpile arrangement of the molecules.
Upon decreasing the diameter down to 73 nm the pat-
tern changes from a six-fold to a twelve-fold pattern, see
Figs. 5b(ii) and c(ii). This can be understood by the
appearance of a second hexagonal orientational domain,
i.e. the (100)‖ orientational domain, see Fig. 5b(i). The
ω-rotation contour plots (Figs. 5b(iv) and c(iv)) are com-
patible with the existence of these two domains, see also
the movie M2 in the ESI. The correlation length is also
for this pore size on the order of the pore diameter. A
logpile structure is established with a ξ⊥ of 65 nm, see
Fig. 6, where ξ⊥ is plotted as a function of pore size.
Interestingly, upon further decreasing d, we see a tran-
sition from a twelve-fold pattern to a six-fold pattern,
see Fig. 5d(ii). [66] This means that only one of the
orientational domains survives, i.e. the (100)‖ domain
(see Fig. 5d(i). The correlation lengths and the ω-Bragg
intensity contour map are again compatible with the log-
pile structure, see Fig. 6. At the smallest pore diameter
a diffraction pattern with two strong intensity halos in
the polar directions is observed, see Fig. 5e(ii). It can be
understood by a logpile structure along with a randomi-
sation of the [hk0] directions with regard to the long pore
axis, as shown in Fig 5e(i). This results in a densification
of the Bragg intensities towards the equatorial directions
as shown in Fig. 5d(ii) [43]. Hence, we conclude that for
all pore-sizes studied we observe a logpile structure in the
case of face-on anchoring at the pore wall.
Additionally, to the diffraction patterns discussed
above, X-ray diffraction patterns upon cooling from, and
subsequent heating back into the isotropic phase were
recorded. In Fig. 5 the Bragg intensity at a wavevec-
6FIG. 5. Self-assembly of discotic molecules in hydrophilic cylindrical nanopores (face-on molecular anchoring
at the pore wall) as inferred from x-ray diffraction and birefringence measurements. (i) Columnar order in real
space, (ii) measured x-ray diffraction pattern and illustration of the corresponding scattering geometry and Bragg intensities
in reciprocal space encompassing the Ewald sphere. (iii) Bragg intensities as a function of temperature for a cooling (ω = 85◦),
(iv) sample rotation (ω = 90◦ → 0◦) and (v) heating (ω = 85◦) scan extracted for each azimuth angle χ. See definition of
azimuth angle and axis labelling in Fig. 4. Temperature dependent retardation experiments (solid curves) in comparison with
T -dependent Bragg intensities (broken lines) typical of the hexagonal columnar translational order. The dashed line indicates
the bulk isotropic-columnar transition temperature T bulkci . The samples were cooled down in the x-ray experiments from 375 K
to (a-c) 350 K, (d) 340K and (e) 320 K. The x-ray data were taken at a wavelength of (a,d) 0.177 A˚, (b,c) 0.496 A˚ and (e)
0.729 A˚.
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tor transfer typical of the columnar self-assembly is plot-
ted as a function of azimuthal angle (vertical axis) and
temperature (horizontal axis) for cooling and heating in
column (iii) and (v), respectively. Upon cooling/heating
one can observe the increase/vanishing of intensities char-
acteristic of the isotropic-to-columnar and columnar-to-
isotropic transition and hence the specific occurrence of
the Bragg intensities characteristic of the (100)‖ and
(100)⊥ orientational domains as a function of temper-
ature.
2. Optical birefringence and collective orientational order
It is interesting to compare this information on the
translational self-assembly with the information gained
from our temperature-dependent optical retardation ex-
periments regarding the evolution of the orientational or-
der in confinement. In Fig. 5(vi) we plot the intensities of
different Bragg peak sets corresponding to the character-
istic domain states upon cooling (blue) and heating (red)
in comparison with the optical retardation. A decrease
(increase) of R with decreasing (increasing) temperature
indicates an averaged orientation of the director nˆ paral-
lel (perpendicular) to the pore axis pˆ [42]. The retarda-
tion for all pore diameters studied increases upon cooling
indicating a collective orientation of the in-plane disc di-
rection of the molecules along the long channel axis of the
pores. This is in perfect agreement with the conclusion
drawn from the X-ray diffraction experiments regarding
the translational logpile order for all pore sizes studied.
Moreover, the retardation behaves analogously to the
Bragg intensity upon cooling and heating. In contrast
to the abrupt bulk transition of first order, the transition
evolves continuously. A substantial hysteresis between
heating and cooling, which significantly increases upon
decreasing pore size is present. Additionally, the tem-
perature evolution of the x-ray intensities indicates that
the (100)‖ domain appear much weaker at lower temper-
atures compared to the (100)⊥ orientation in the case
of a coexistence of these domains. This is particularly
obvious for the 73 nm and 86 nm pores, see Fig. 5c(vi)
and b(vi). Finally, for the smallest pore diameter (d =
17 nm) we get an excellent agreement for the evolution
of the collective orientational (retardation) and transla-
tional hexagonal columnar order (100) Bragg intensity,
see Fig. 5e(vi). In both cases a strong supercooling and a
large hysteresis between cooling and heating is observed.
Complementary data sets can be found in the supple-
mentary. They are consistent as a function of R with the
results discussed here for a representative set of measure-
ments.
Overall, our findings are in excellent agreement with
the observations and interpretations of Zhang et al. [43].
Nevertheless our experiments yield complementary de-
tailed information about the temperature dependence.
We also observe peculiar changes of the orientational
domain texture with regard to the long pore axis as
a function of R. It has been established for crystalli-
sation in unidirectional confinement that extreme tex-
tures can arise resulting from the competition of fast
growing crystallisation along the long channel axis, i.e.
Bridgman growth in narrow capillaries, with crystallisa-
tion constraints and/or molecular anchoring at the pore
walls [67–69]. The (100)⊥ orientation can presumably
be traced to Bridgman growth, if one assumes that the
< 100 > direction is a fast growing mode and thus is
aligned along pˆ. As discussed in detail by Zhang et al.
for the smaller pore diameters an increasing contribution
of splay deformations at the pore walls sets in. These de-
fect structures, also found in MC simulation studies [45],
can be more easily established in the (100)‖ orientation.
Thus we conclude that the peculiar changes in the orien-
tational domain structures result from transitions from
a Bridgman-growth determined to splay-deformation de-
termined orientational states as a function of reducing
pore diameter.
To gain additional information on this confinement-
guided texturing and the domain sizes, we determined
also the coherence lengths along the long pore axis ξ‖
from the detected Bragg peaks, see Fig. 6. In contrast
8to ξ⊥ it decreases with decreasing d. This interesting
behaviour is supportive of the Bridgman growth mecha-
nism and the splay-induced domain selection and growth
along the long channel axis. Both are increasingly effec-
tive with increasing anisotropy of the confining geometry,
i.e. with decreasing d [68].
B. Self-assembly in hydrophobic nanopores with
edge-on discotic wall anchoring
1. X-ray diffraction and translational order
In Fig. 7 we present X-ray diffraction measurements
for a selected set of pore diameters for surface-grafted,
hydrophobic pore walls. Again the 2D diffraction pat-
terns were recorded after cooling from the isotropic phase
(T > TBulk = 371.1 K) at ω = 85
◦, i.e. ~ki ⊥ pˆ with a
cooling rate of 1 K/min. For large pore diameters, we
observe again a transition from a six-fold to a twelve-
fold diffraction pattern, see Fig. 7a-d(i). The ω-intensity
contour plots once more result from two orientational
domains with regard to pˆ, a (100)‖ and (100)⊥ domain,
as illustrated in Fig. 7b(ii). However, given the edge-on
surface anchoring they do not result from logpile struc-
tures, but from hexagonal arranged circular concentric
bent columnar structures as illustrated in Figs. 3c and
7a-d(i) [30, 47, 49]. See also movie M4, where virtual
and real scattering patterns are shown in direct compar-
ison as a function of ω rotation for d=86 nm.
For small pore diameters down to 38 nm only a six-
fold pattern remains (Figs 7c-d(ii) and the movies M1
and M5 in the ESI), compatible with the existence of
the (100)⊥ orientation. More importantly, the ω-contour
plots evidence that starting with d = 73 nm for ω = 0◦ a
Bragg peak in the polar directions occur (χ = ±90◦), see
Figs 7c-e(iv). These partly result from an additional do-
main state with columns parallel pˆ, i.e. axial columns. It
results in one ring in the ki-ωˆ plane at q(100) in reciprocal
space and thus to the appearance of two Bragg peaks at
χ=90◦ and 270◦ , see Fig. 7e(ii) and the movies M3 and
M6 in the ESI. For the smallest pore diameter, d = 17 nm
the hexagonal patterns are only marginally detectable,
see Fig. 7e(ii). Only polar intensities are present. An
almost purely axial columnar arrangement is present.
This molecular stacking along the pore axis is confirmed
by the position of the intracolumnar disc-disc peak at
qdd =(1.763 ± 0.018) A˚−1 on the horizontal axis (not
shown).
Thus, there is a textural transition between circular
concentric at large and axial columnar order at small
pore diameters. What drives this transition? As sug-
gested by Ungar et al. [30, 46] it can be rationalised by
the competition of the bending energy typical of the CC
configuration and the energetic cost for the distortion of
the 2D columnar lattice at the cylindrical pore wall in
the case of the axial columnar state. Whereas the for-
mer scales linearly with the pore diameter d, the latter
scales with log d. Thus, below a critical radius dc the ax-
ial state should be favoured compared to the radial one,
in agreement with our observation. We find dc ∼ 70 nm.
Interestingly, this transition and thus pure axial ori-
entation of neat HAT6 in cylindrical nanopores has (to
the best of our knowledge) never been observed before.
Specifically, chemical pore-surface grafting with silanes,
i.e. silanisation, to favour edge-on anchoring did not
result in this configuration [42, 46]. Presumably, this
dichotomy can be traced to a more robust and homo-
geneous hydrophobic surface coating by the phosphonic
functionalisation in comparison to silanisation. In fact,
surface-sensitive X-ray diffraction at planar surfaces indi-
cates that silanisation works well on hydroxylated silica
surfaces [70, 71]. By contrast, on planar aluminium oxide
surfaces, as employed here, phosphonic acid linking gives
more ordered self-assembled monolayers than silanisation
[71, 72].
2. Optical birefringence and collective orientational order
Again it is interesting to compare these diffraction re-
sults to the optical experiments. The qualitative be-
haviour is quite similar to the observations in the hy-
drophilic pores. A rather gradual evolution of the Bragg
intensities compared to the sharp bulk transition. Once
more the different domains occur and vanish at slightly
different temperatures. Additionally, there seems to be a
competition between the different orientational domains
as a function of cooling/heating history. This compe-
tition occurs for pores in the size range between 73 nm
and 161 nm only between positive birefringent contribu-
tions, i.e. between the (100)‖ and (100)⊥ domains, see
Fig. 7a-c(ii). In case of 38 nm pores competing axial
and circular concentric order contribute to R(T ), and
thus positive and negative contributions respectively, are
present. Consequently, the optical birefringence shows a
non-monotonous behaviour both upon cooling and heat-
ing, see Fig. 7d(vi). In particular, the birefringence ex-
periments show that upon cooling first radial alignment
with positive R-contributions is established. However
upon cooling an additional axial arrangement giving neg-
ative contributions evolves. As shown in Fig. 7e(vi), only
for the smallest pore diameter, the birefringence contin-
uously drops and thus indicates an orientation of the in-
plane disc orientation⊥ pˆ in excellent agreement with the
formation of an almost purely axially aligned columnar
state inferred from the diffraction experiments.
Encouraged by findings in MC simulations [45, 48] we
rationalise this complex thermal history as follows. Dic-
tated by immobilisation at the pore walls and the large
curvature radius, and thus smaller excess energy for cir-
cular ring formation, the formation of circular concentric
structures starts at the pore walls. Then it propagates as
a function of cooling from the pore periphery to the pore
centre. Thus from large columnar bent radii to small
ones. This results in the monotonic behaviour of the
9FIG. 7. Self-assembly of discotic molecules in hydrophobic cylindrical nanopores (edge-on molecular anchoring
at the pore wall) as inferred from x-ray diffraction and birefringence measurements. (i) Columnar order in real
space, (ii) measured x-ray diffraction pattern and illustration of the corresponding scattering geometry and Bragg intensities
in reciprocal space encompassing the Ewald sphere. (iii) Bragg intensities as a function of temperature for a cooling (ω = 85◦),
(iv) sample rotation (ω = 90◦ → 0◦) and (v) heating (ω = 85◦) scan extracted for each azimuth angle χ. See definition of
azimuth angle and axis labeling in Fig. 4. (vi) Temperature dependent retardation experiments (solid curves) in comparison
with T -dependent Bragg intensities (broken lines) typical of the hexagonal columnar translational order. The dashed line
indicates the bulk isotropic-columnar transition temperature T bulkci . The samples were cooled down in the X-ray experiments
from 375 K to (a, b) 350 K and (c-e) 340 K. All X-ray data are taken at a wavelength of 0.177 A˚.
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FIG. 8. Phase diagram and effective optical anisotropy
of liquid crystal-infused membranes. The symbols rep-
resent the pore-size dependent columnar-to-isotropic phase
transition temperatures Tcol-iso for membranes with (a) hy-
drophilic and (b) hydrophobic cylindrical nanopores as deter-
mined from optical birefringence experiments. The solid di-
agonal lines separating the supercooled confined liquid state
and the confined columnar phases are 1/d fits of Tcol-iso. The
insets represent sketches of the columnar order in the single
nanopores along with the resulting effective isotropy in the
liquid and positive or negative optical optical birefringence in
the liquid-crystalline state, i.e. spherical, prolate or oblate
indicatrices, respectively.
R(T ) curves [42]. Interestingly, upon heating significant
drops in R(T ) indicate that part of the circular concentric
configurations transform to the axial configuration just
before the complete melting of the columnar state, e.g.,
see R(T ) for d=38 nm in Fig. 7d(vi). This suggest that
for these pore sizes only small energy differences between
the distinct textures exist.
C. Thermotropic phase behaviour
The R(T ) curves in column (vi) of Figs. 5,7 and in
Supplementary Fig. S3 can be used to determine the
isotropic-columnar transition temperatures by taking the
maximum of the derivative dR/dT [42]. This results
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FIG. 9. Effective birefringence. Effective birefringence of
liquid crystal-infused anodic aluminium oxide as a function of
pore diameters for hydrophilic (black circles) and hydrophobic
(red squares) nanopores in the liquid crystalline phase.
Hydrophilic
161 - 17 nm
Hydrophobic
> 73 nm
< 73 nm
Self-assembly in single-pore Optical anisotropy
of pore array
FIG. 10. Confinement-controlled self-assembly and
resulting effective optical anisotropy. Pore-size and
surface-hydrophilicity dependent self-assembly on the single-
pore scale and resulting optical anisotropy of the nanopore
array.
in the phase diagram shown in Fig. 8, where the phase
transition temperatures T confiso−col are plotted versus the
inverse pore diameter d for the hydrophilic and hy-
drophobic pores as determined upon heating. The char-
acteristic textures are illustrated by insets. As indi-
cated by the good agreement with the solid lines rep-
resenting 1/d fits of the phase boundaries, the phase
transition shifts follow the Gibbs-Thomson scaling for a
phase transition of first order in confined geometry, i.e.
T confiso−col = T
bulk
iso−col −KGT · d−1, where KGT depends on
the shape of the phase boundary, thermodynamic pa-
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FIG. 11. Distinct columnar textures on the single-pore scale and the resulting polarisation state of light
transmitted through the pore array. Self-assembly of radial aligned rings and axial aligned columns of disk-like molecules
on the single-pore scale, as evidenced by 2 D X-ray diffraction, results in an either prolate or oblate ellipsoid of refractive indices
(indicatrix) aligned to the pore axis direction. Thus, linear polarised light is split up by a parallel array of such pores into two
beams with perpendicular polarisations and distinct propagation speeds. Their relative phase shift after passing the birefringent
pore array is positive or negative. Thus, they superimpose to left- and right-hand elliptically polarised light, respectively, for
the specific beam and membrane geometry of our experiments.
rameters of the low temperature phase, specifically the
transition enthalpy ∆H, as well as interfacial energies
[73]. For the hydrophilic case KGTlogpile=517.1± 49.1 nm
K, for the hydrophobic case KGTCC= 262.2±18.0 nm K
and KGTaxial =197.2±15.0 nm K. Thus, the confinement
induces a much stronger supercooling of the isotropic-
to-columnar transition for the hydrophilic in comparison
to the hydrophobic case and for the hydrophobic case
distinct supercooling parameters for the circular concen-
tric and axial formation are observed. These tempera-
ture shifts are within the error bars in agreement with
calorimetry and dielectric spectroscopy experiments re-
cently reported [52]. Assuming cylindrical phase bound-
aries and transition enthalpies in agreement with the
bulk value, it is possible to attribute these differences
to distinct interfacial tensions σ between the columnar
phase and the isotropic liquid for the different textures
with the Gibbs-Thomson equation [52]: σlogpile = (3.76
± 0.35) mN/m, σaxial = (1.43 ± 0.1) mN/m and σCC =
(1.91 ± 0.12) mN/m [52].
However, it is important to note that given the quite
inhomogeneous low-temperature state, the application of
classical thermodynamics of homogeneous phases sepa-
rated by well-defined phase boundaries is questionable.
The many grain boundaries in the logpile configuration
and disordered regions at the pore walls as well as the
elastic excess energies due to columnar bending or de-
formation of the columnar lattice will result in relative
changes of the chemical potentials of the low-temperature
and the isotropic liquid state, in particular changes in the
transition enthalpies [52], which additionally, beyond the
Gibbs-Thomson considerations, contribute to the phase
transition shifts [74, 75]. Note that we found in ex-
ploratory experiments no hints for a cooling/heating rate
dependence of the phase transition shifts, type of tran-
sition and hysteresis, see Fig. S2 of the ESI for R(T )
measurements with cooling/heating rates with 0.075,
0.15 and 0.3K/min, respectively, for hydrophobic pores
(d=17 nm).
D. Effective optics of the liquid-crystal-infused
nanoporous solids
In the previous section the polarimetry measurements
were devised to infer the collective orientational order of
HAT6 in the confined state. By contrast, we are going
to analyse here these results with respect to the effective
optical properties of the resulting liquid-crystal infused
nanoporous solids. The birefringent properties of the re-
sulting hybrid materials ∆n(d) as a function of pore sur-
face grafting and thus molecular anchoring are analysed.
Despite the fact that the base materials of the pore
walls are optical isotropic the anisotropic, collective ar-
rangement of parallel cylindrical pores results in a small
positive geometric birefringence [54, 76]. This form bire-
fringence is on the order of ∆n ∼ 0.01 for the empty
monolithic nanoporous solids [77]. Upon filling the pores
with the isotropic liquid this small form anisotropy is
slightly reduced, because of the reduction in the refrac-
tive index difference between pore wall and pore filling.
In the following the effective optical anisotropy in terms
of the optical birefringence ∆n of the hybrid systems is
analysed.
Upon isotropic-to-columnar self-assembly in the hy-
drophobic pore space sizeable positive and negative
retardations are observable at low temperature, see
column (vi) in Fig. 5 and 7. As is illustrated in
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the phase diagram shown in Fig. 8 by prolate and
oblate optical indicatrices the complex, hydrophilicity-
dependent self-assembly behaviour results in tailorable
optical anisotropy. Whereas for the hydrophilic pores
always positive optical anisotropy is observable for the
pore array, the optical birefringence at low temperature,
in the columnar phase, is negative for small pore diameter
and positive for large pore diameters in the hydrophobic
case. Thus, the optical anisotropy of the metamaterial
is switched between positive and negative as expected
by the distinct change in the collective arrangement of
the mesogens from circular concentric to axial. A more
quantitative analysis of the birefringence behaviour can
be found in Fig. 9, where we plot ∆n versus pore size as
determined by an effective medium analysis considering
the Bruggeman equation, see the ESI. As expected the
logpile configuration in the hydrophilic pore space results
solely in positive birefringent properties. The largest pos-
itive birefringence of 0.03 we inferred for the 73 nm pores,
however, with a large error bar because of uncertainties
in the porosity of the sample batch. Otherwise, the bire-
fringence increases with decreasing pore size up to values
of ∆n ∼ 0.015. This optical effect can be directly cor-
related to the increased hexagonal order determined by
X-ray diffraction and the resulting improved collective
orientational order, see Fig. 6. In the hydrophobic case
only samples with pure axial or circular concentric, hence
pure negative or positive optical anisotropy are consid-
ered. The strength of ∆n in hydrophobic large pores ba-
sically equals that of the hydrophilic pores of same size.
Upon transition to the pure axial configuration the bire-
fringence switches to negative values. Its absolute value
is considerably larger than in the circular concentric case.
We summarise the effective optical properties in terms
of pore-size dependence and hydrophilicity in Fig. 10.
By going to smaller pores the optical anisotropy can be
changed in controlled manner. i.e. adapted from positive
to negative optical birefringence. Moreover, the onset of
sizeable positive and negative birefringence can be sys-
tematically tuned by up to 35 K for the hydrophilic and
over 15 K for the hydrophobic case by a proper choice of
the pore size compared to the fixed bulk value.
It is interesting to note that the radial-to-axial transi-
tion results not only in a change of the optical anisotropy.
For our beam geometry and the observed retardations
it also means that for the textures with collective ra-
dial orientations left-handed elliptically polarised, and for
the axial state right-handed elliptically polarised leaves
the pore array, respectively, as illustrated in Fig. 11. Of
course, this does not mean that we introduce chirality
into the system, rather this effect solely results from the
sign change in the phase difference between the ordinary
and extraordinary beams.
IV. CONCLUSIONS
Using synchrotron-based 3D reciprocal space map-
ping, high-resolution optical birefringence measurements
and Monte Carlo simulations we investigated the self-
assembly behaviour and the resulting optical properties
of a thermotropic discotic liquid crystal (HAT6) embed-
ded in nanoporous anodic aluminium oxide as a function
of pore size and pore surface functionalization. Indepen-
dent of pore size cylindrical hydrophilic pores with planar
discotic anchoring lead solely to columns radially aligned
to the cylindrical pores and thus in a positive birefrin-
gence. By contrast, for hydrophobic pores with edge-on
anchoring of the discotic molecules a textural transition
from a circular concentric state, unknown from the bulk
liquid crystal, to an axial columnar configuration is found
accompanied by a change between positive and negative
birefringence as a function of decreasing pore size. The
peculiar temperature- and confinement-dependent liquid-
crystalline texture formation is traced to a complex in-
terplay of different elastic energies, of the anchoring at
the pore walls and of the 1-D confining geometry. It al-
lows one to adapt the effective optical anisotropy of the
hybrid system in a versatile manner by a proper choice
of temperature, pore-size and pore-surface-grafting.
The onset of collective columnar order and thus of
sizeable positive or negative birefringence is shifted com-
pared to the bulk temperature according to the classical
Gibbs-Thomson 1/d-scaling with distinct interfacial en-
ergies for the distinct confined textures. This allows one
to adjust in a systematic manner by a proper choice of
pore size the onset of optical anisotropy.
Instead of disk-like mesogens one may also think
about rod-like building blocks in combination with ap-
propriate pore surface-anchoring for adjusting the optical
anisotropy of porous solids. However, e.g. for cylindrical
nanochannels and homeotropic anchoring such calamatic
systems tend to form escape-radial structures [16, 78],
where the director starts at the pore wall with radial or-
der and escapes in the centres in axial directions. This
results in competing positive and negative birefringence
contributions. Thus the robust columnar stacking prin-
ciple of discotic liquid crystals, even in extreme spatial
confinement, appears as particularly suitable for the es-
tablishment of pure radial and axial textures and thus
for tailoring optical birefringence in nanoporous media.
We believe that this adjustability is not only of
fundamental virtue. The simple functionalisation ap-
proach by capillarity-driven spontaneous imbibition of
the liquid-crystalline melt in combination with tailorabil-
ity of anodic aluminium oxide [27, 79–81] and other
self-organized, optically transparent mesoporous media
[11, 13, 82, 83] may have also technological benefits. It al-
lows, for example, integrating a temperature-sensor func-
tionality with optical readout into nanoporous materials.
One can also envision that the adjustability of the opti-
cal properties by purely tuning collective molecular order
along with the mechanical stability of nanoporous media
13
is particularly interesting to induce well-defined lateral
phase shift gradients of electromagnetic waves in solid
supports or surfaces, e.g. by lateral temperature, mag-
netic field, or electrical gradients [3, 7, 8, 12, 27, 84, 85].
Such phase gradients are at the core of the emerging field
of transformative optics, allowing e.g. negative refraction
and the design of adjustable light absorbers or extremely
thin metalenses [6, 86].
Thus, similarly as it has been demonstrated for liquid-
infused porous structures with regard to confinement-
controlled phase selection [13, 87], adaptable surface wet-
ting [88], deformation [89–91], topography [92], and inter-
actions with biomolecules [93], our study indicates that
liquid-crystal-infused nanoporous solids allow for a quite
simple design of materials with adaptable functionality.
From a more general perspective our work is also a fine
example, how the combination of functional soft matter
with nanostructured porous media allows one to bridge
the gap between bottom-up self-assembly of molecular
systems with the top-down self-organisation of porosity
in monolithic scaffold structures for the design of 3D me-
chanical robust materials, which is a particular challenge
for embedding functional nanocomposites in macroscale
devices [94–96].
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